Carbon/carbon composite (C/C), due to its bio-inert property, is prone to cause bone consolidation defects and bacterial infections in clinical applications. Therefore, there is a great demand in practical applications to prevent implant infections and enhance its bone consolidation capability. In this study, we have developed a facile approach to construct a chitosan/hydroxyapatite composite modified layer on C/C surface by electrochemical deposition and a covalent grafting technique, and the modified layer has both the antibacterial activity of chitosan (CS) and the bioactivity of hydroxyapatite (HAP). The microstructure and chemical composition of the modified layer were analyzed using scanning electron microscopy (SEM), Fourier transform infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS) and water contact angle measurements. The biological properties of the composites were evaluated using cell culture, antimicrobial test and real-time quantitative PCR in vitro. The results showed that the CS/HAP modified C/C exhibited excellent biocompatibility, bacteriostasis and osteoinductive ability. These properties are beneficial for the potential application of the modified C/C composite as a bone tissue replacement material.
Introduction
Bone deciencies caused by trauma, tumor, infection and dysplasia are common surgical diseases in clinical practice. 1 Recently, bone defect repair surgery has become more mature, and in this eld there is a great demand for bone tissue replacement materials that can speed up bone tissue reconstruction and reduce healing time.
Carbon is the basic constituent of living organisms and participate in vital movement. Various elemental carbon materials have been widely applied in clinical eld. 2 Since both the matrix and the reinforcements of carbon/carbon composites (C/C) consist of elemental carbon, they inherit the typical bioinertness of pure carbon materials. As typical ber-reinforced composites, their biomechanical properties can be tailored. Therefore, these materials become the focus of study in the eld of hard tissue replacement materials. 3, 4 In addition, with the properties of pseudo plasticity and three-dimensional porous morphology, C/C is favorable for cell adhesion, growth and proliferation. Especially, the elastic modulus of C/C is close to that of human bone, which can avoid the occurrence of "stress shielding". Therefore, C/C composite represents an interesting medical material for human bone repair and substitution with excellent performance and good application prospect. 5 However, in clinical applications, the biological inertness of C/C can lead to surface osseointegration defects and bacterial infections, which can impair the long-term healing effect. 6, 7 Chitosan (CS), a natural polymer material, contains a large amount of amino and carboxyl groups and possesses excellent biological properties, especially good biocompatibility and bacteriostasis. However, its low mechanical strength makes it difficult to be used alone as a bone tissue replacement material in clinical practice. 8 Hydroxyapatite (HAP) is a bioceramic material with chemical structures and components similar to natural bones. 9 Typically, HAP, with excellent biological activity and biocompatibility, can form a strong chemical bonding with bone tissues without stimulation or rejection when implanted in the human body. Thus, it has been widely used as a ller material for bone defects by providing scaffolds for the new bone tissues. But its own brittleness easily leads to sudden rupture under the condition of stress concentration. Therefore, HAP is oen used as a coating material for improving the biocompatibility of bio-inert bone repair materials. 10, 11 In order to improve the bioactivity and antibacterial properties of C/C, accelerate the reconstruction of bone tissue, reduce the healing time and enhance the bonding strength between C/C and bone tissue, we constructed a chitosan/ hydroxyapatite (CS/HAP) modied layer on the surface of C/C by electrochemical deposition and covalent graing technology. Meanwhile, the biological properties of the modied C/ C were evaluated by cell culture, bacteriostasis test and realtime quantitative PCR in vitro.
Materials and methods

Materials
Polyacrylonitrile (PAN)-based C/C was obtained from Yantai Luhang Carbon Materials Technology Co., Ltd and prepared by chemical vapor inltration (CVI) processing method. Nitric acid (68%), hydrochloric acid (37%), concentrated sulfuric acid (98%), hydrogen peroxide (30%), acetone, sodium chloride, sodium bicarbonate, potassium chloride, dipotassium hydrogen phosphate, magnesium chloride hexahydrate, calcium chloride and sodium sulfate were provided by Sinopharm Group Chemical Reagent Co. Ltd. Tris(hydroxymethyl) aminomethane hydrochloride (Tris-HCl) was purchased from Aladdin (Shanghai, China). Anhydrous ethanol was obtained from Tianjin Bodi Chemical Co., Ltd.
Glacial acetic acid (98%) was provided by Tianjin Huirui Chemical Technology Co., Ltd. Aminopropyltrimethoxysilane (APTMS) was purchased from Nanjing Qizheng Chemical Co., Ltd. Glutaraldehyde (50%) was purchased from Shanghai Yuanmu Biological Technology Co., Ltd. Shanghai Blue Quarter Technology Development Co., Ltd. provided chitosan (CS) with deacetylation degree >90%. Ultrapure water (18.2 MU cm) was used in all experiments. MC3T3-E1 cells were obtained from the Chinese Academy of Sciences cell bank (provided by Shandong Medical College). Staphylococcus aureus (ATC/C), provided by Second Affiliated Hospital of Shandong University of Traditional Chinese Medicine, were used for bacterial test. All reagents were of analytical grade and used without further purication.
Preparation of HAP-modied C/C via biomimetic mineralization C/C was processed into block samples of 10 mm Â 10 mm Â 3 mm, polished with 1000 # sandpaper, and then subjected to ultrasonic cleaning with acetone, ethanol and ultrapure water successively for 15 min. Aer that, the samples were dried in a hot blast dryer at 50 C. The samples were referred to as C/C. The C/C samples were placed in 100 mL piranha acid solution (V H 2 SO 4 -: V H 2 O 2 ¼ 7 : 3) at 60 C for 20 min, washed with ultrapure water to neutrality aer being taken out, and then dried in a hot blast dryer at 50 C. The acidied samples were named as C/C-OH. Electrochemical workstation (CS310, Wuhan Corrtest Instruments Co. Ltd, China) was used to carry out biomimetic mineralization experiment at 37 C for 10 min, with C/C-OH sample as the working electrode (cathode), platinum as the auxiliary electrode (anode), calomel electrode as the reference electrode, and 1.5 SBF solution as the electrolyte; the deposition current was 0.03 A and the deposition time was 10 min. Then the sample was dried with a hot blast dryer and recorded as C/C + HAP.
Preparation of CS modied C/C and CS/HAP-modied C/C
The C/C-OH sample was immersed in APTMS ethanol solution (volume fraction of 2%) with water content of 5% for 24 h. Then, the sample was subjected to ultrasonic cleaning with ethanol and ultrapure water for 15 min respectively, and then dried to obtain a C/C-APTMS sample. The sample was immersed in glutaraldehyde aqueous solution (volume fraction of 2%) and stirred for 24 h under vacuum condition. The sample was washed with ultrapure water and dried in vacuum. The obtained sample was then immersed in a CS solution with a mass fraction of 1% (1 wt% acetic acid aqueous solution as solvent) for 24 h. Finally, the CS modied C/C sample (C/C + CS) was obtained by washing with ultrapure water and vacuum drying. CS/ HAP-modied C/C samples (C/C + CS/HAP) were prepared by HAP biomimetic mineralization on the C/C + CS substrates.
Materials characterization and in vitro tests
Field emission scanning electron microscopy (FESEM, Nanosem 430) was used to observe the surface morphology of the samples. The wettability of the material surface was assessed by contact angle measurements with 2 mL droplets of water using a DIGIDROP (XG-CAMC1) apparatus at room temperature, which indirectly reected the effect of different surface treatments on the chemical composition and microstructure of the material. The changes of functional groups on the surface of the samples were analyzed by Fourier transform infrared spectroscopy (FTIR, Tensor 27). Additionally, X-ray photoelectron spectroscopy (XPS, PHI Quantum 20) was used to establish the chemical composition of the original and functionalized C/C samples.
MC3T3-E1 cells were cultured in a-minimal essential medium (a-MEM). Cells were cultured at 37 C in a humidied 5% CO 2 incubator. The medium was supplemented with 10% fetal calf serum (FCS), 1% penicillin/streptomycin, and 1% Lglutamine.
Aer cell counting, MC3T3-E1 cells suspension (50 mL, 4 Â 10 5 cells) was added dropwise to each material (C/C + CS, C/C + HAP, C/C + CS/HAP). Aer incubation in the incubator for 60 min, 500 mL of medium was added slowly and incubated overnight at 37 C. Then, the inoculated cells were transferred into a new 24-well plate and incubated for additional 48 h. Three pieces of material were removed from each of the three groups and washed three times with PBS buffer for the removal of un-adhered MC3T3-E1 cells. Cells were harvested with 0.25% trypsin and counted, and the cell adhesion rate was calculated through the equation: adhesion rate (%) ¼ number of adherent cells/total cell number Â 100 or the cells were stained by DPAI for 30 min then washed by PBS and were observed under a uorescence microscope (Axiovert 100M Zeiss).
RNA was extracted from the MC3T3-E1 cells by Trizol method (Trizol : chloroform 1 : 0.2). The primer sequences of mice are shown in Table 1 . Real-time quantitative PCR technology was adopted to measure the mRNA expression of relative osteogenic factors (BMP-2, RUNX2) from MC3T3-E1 cells which were co-cultured with samples (C/C + CS, C/C + CS/HAP, C/C + HAP and C/C) for 72 h. The b-actin gene was simultaneously detected as a control. Relative gene expression levels were quantied using the 2 ÀDDt method, and the results are expressed as the fold change relative to the control.
Staphylococcus aureus were resuspended to adjust their concentration to 1.5 Â 10 8 colony forming unit per milliliter (CFU mL À1 ), then inoculated onto agar liquid medium. Each material in different groups was spaced at a certain distance and inoculated in this medium; ampicillin test paper was inoculated in the medium as control. Aer incubation in the incubator at 37 C for 24 h, antimicrobial rings were measured and their sizes were determined. The procedures were repeated 5 times.
Staphylococcus aureus were prepared into a bacterial suspension with a concentration of 1.5 Â 10 8 CFU mL À1 100 mL of bacterial suspension was dropped on the surface of the material and incubated in a 37 C incubator for 24 h. The material was then placed in 3 mL sterile PBS solution, and shaken on a shaker for 5 min for the elution of bacteria. 10 mL solution containing bacteria was taken out, coated on the plate and incubated for 1 day in a 37 C incubator. The procedures were repeated 5 times.
Statistical analysis
Results were presented as the means AE standard deviations for all the experiments indicated. Statistical signicance between two conditions was analyzed by Student's t-test and more than two conditions were analyzed by one-way ANOVA (Dunnettd deviations for the number of experiments). Data were analyzed using SPSS 11.0 soware. Differences were considered signicant at a level of p < 0.05.
Results and discussion
The silanization reaction has been widely used in the eld of surface modication of medical implants (especially medical metals such as titanium and Co-Cr-Mo, etc.). 12, 13 The covalent immobilization of organosilane coupling agent on the surface of medical implant material can improve the bioactivity of the material surface. The condensation reaction of the silanehydrolyzed hydroxyl groups with the hydroxyl groups on the surface of the material is critical in the silane treatment of the material. 14 Therefore, it is important to treat the C/C surface with piranha acid to generate sufficient amount of hydroxyl groups. In this study, APTMS was selected as the organosilane coupling agent. On the one hand, the silanol group could react with the hydroxyl groups on C/C surface to ensure covalent coupling with the surface. On the other hand, the amino group in the silane molecule can react with an aldehyde group of glutaraldehyde through Schiff base reaction. Glutaraldehyde, as an amino crosslinker, retains the biological activity of peptides with lower immunoreactivity. And glutaraldehyde is widely used in polysaccharides, peptides and protein cross-linking modication due to its mild cross-linking modication reaction conditions. 12, 15 The overall preparation process of CSfunctionalized C/C is shown in Fig. 1 . Fig. 2a , the untreated C/C surface exhibited clear carbon ber structure with a skin-core structure. The sample remained unchanged aer piranha oxidation and silanization treatments due to the thin lm thickness of APTMS ( Fig. 2b and d ). Fig. 2c shows that the HAP coating obtained by electrochemical deposition uniformly covered the surface of the material and had a porous structure with a pore size of about 500 nm to 1 mm. In addition, the bonding interface between HAP and C/C matrix is ne and dense. The graed CS was evenly coated on the surface of the carbon ber in the form of granular lm, as shown in Fig. 2e . Similarly, the HAP layer obtained by electrochemical deposition was evenly distributed on the CS-functionalized C/C with a scaly structure while retaining the original brous structure of C/C (Fig. 2f ). This kind of structure is more benecial for cell adhesion and growth.
Microstructure and wettability analysis
Water contact angle (WCA), reecting the wettability and surface energy of a material surface, has been widely used to track and evaluate the effectiveness of surface modication. As shown in Fig. 3 , untreated C/C was hydrophobic with a WCA of 107 . Piranha treatment decreased the WCA of the substrate surface to 47 due to the introduction of hydroxyl and carboxyl groups. Aer reaction with APTMS, the WCA increased to 75 due to the formation of silane lm on the acidied C/C surface. In addition, the immobilization of CS on the APTMS-coated C/C surface signicantly decreased the water contact angle to 50 , which was due to the presence of hydroxyl and amino groups at the end of the CS molecules.
Chemical composition analysis
XPS was used to characterize the surface elements and oxidation state of the original and chemically modied C/C samples. The XPS survey spectra and quantitative XPS analysis results are displayed in Fig. 4 and Table 2 . The original C/C exhibited strong C 1s and O 1s peaks at 284.3 and 528.6 eV, respectively and a weak N 1s (399 eV) peak (Fig. 4a) . The trace amount of nitrogen element was most likely due to the existence of nitrides and impurities on the surface of the material. Carbon, typically present from unavoidable hydrocarbon Table 1 Primers used for the analysis of mRNA expression levels
Gene
Gene sequence contamination, is used as an internal reference at 284.6 eV for calibrating peak positions. 16 Aer piranha treatment, carbon and nitrogen content decreased, while oxygen content increased ( Table 2) owing to the appearance of hydroxyl and other oxygen-containing functional groups on C/C surface. Aer reaction with APTMS, two new peaks appeared at 102. 13 and 152.4 eV in the XPS spectrum, which were assigned to Si 2p and Si 2s , respectively, indicating the presence of APTMS. The content of Si obviously decreased while the content of O and N signicantly increased aer reaction with CS, which was due to the rich content of -OH and -NH 2 in CS. The result further proved that CS was successfully graed on the C/C material surface. Furthermore, these conclusions were supported by an evident change in carbon bond composition observed via the high-resolution narrow carbon spectra (C 1s ) (Fig. 4b) . The highresolution C 1s spectrum of the C/C-OH sample was deconvoluted into three different bands with binding energies centered at 284.5 eV (C-C/C-H), 286.3 eV (C-OH) and 290.4 eV (C] O), [16] [17] [18] [19] indicating the successful oxidation of the initial C/C. A broad peak assigned to the C-N bond at about 285 eV was observed on C/C-APTMS sample, indicating the presence of APTMS. Aer reaction with CS, the peak intensity of C-C/C-H decreased dramatically and the peaks of C-O and C]O/C]N increased, which indicated the presence of CS. In addition, the N 1s high-resolution spectrum on APTMS-coated and CSdecorated C/C surface (Fig. 4c) showed a peak at about 401.1 and 399.3 eV, which were respectively assigned to amino (-NH 2 ) and protonated amino (-NH 3 + ) groups. However, in the spectra of CS-decorated C/C surface, a new peak at 399.8 eV was observed, which corresponded to the C]N bond in CS, further proving the successful coating of CS.
As shown in Fig. 5 , FTIR was further used to characterize the functional groups on the material surface. Compared with original C/C simple, the typical broad peaks of hydroxyl groups (-OH) formed by oxidation upon piranha treatment was observed at 3430 cm À1 on the C/C-OH (Fig. 5b) . The absorption peak at 1631 cm À1 was related to C]C vibrations, [20] [21] [22] while the bands at 1363 and 1077 cm À1 were the stretching vibration absorption peak of C-O bond and the in-plane bending vibration peak of -OH, [20] [21] [22] respectively. In the FTIR spectrum of C/C + HAP sample (Fig. 5c ), a narrow and sharp peak appeared at 1418 cm À1 , which was assigned to CO 3 2À . The peaks at around 1040, 758 and 701 cm À1 were attributed to PO 4 3À and the peak at 814 cm À1 was attributed to HPO 4 2À . It is remarkable that the characteristic peak of hydroxyl groups (-OH) shied to 3327 cm À1 , which may be due to the polycondensation reaction between the -OH reactive group on the C/C surface and the hydroxyl group of the HAP molecule. It can contribute to the nucleation and growth of HAP and further forms an effective chemical bond. The FTIR results were consistent with the standard carbonated HAP spectrum, which indicated that HAP was successfully graed onto the surface of C/C material. The Fig. 5d showed the spectrum of the surface of the sample aer silane treatment. The absorption peak at 1563 cm À1 was attributed to the stretching vibration produced by the ring structure formed by the interaction between amino groups and silicon of the silane. 14, 23 The absorption band between 1098 cm À1 and 1014 cm À1 was due to the asymmetric stretching vibration of Si-O-Si. 14, 24 The peak at 1653 cm À1 was assigned to the shear vibration of -NH 2 of APTMS. The stretching vibration peak of C-O-Si covalent bond was formed by condensation of the hydroxyl groups on C/C substrate surface and APTMS was observed at about 776 cm À1 . 25, 26 Compared with the FTIR spectrum of C/C-APTMS, an obviously stronger peak appeared at 3430 cm À1 in that of C/C + CS (Fig. 5e ), which was caused by the increase of -OH with the introduction of CS. 27 At the same time, the 1014 cm À1 peak became wider and the peak absorption intensity was greater, which was caused by the skeleton vibration of the polysaccharide units in the CS molecule and the superposition between C-O vibrations of the primary alcoholic hydroxyl groups and the asymmetric stretching vibration of Si-O-Si. The distinct peaks at around 2912 and 2853 cm À1 were respectively assigned to the asymmetric stretching and symmetric stretching vibrations of -CH 2in glutaraldehyde. 28 The typical band centered at 1635 cm À1 was attributed to Schiff base (-C]N), and the peak at 1551 cm À1 was due to the partial overlap between the amide II band and the absorption band of the amino group. 14, 23 All these results revealed that the C/C substrate was successfully oxidized with hydroxyl functional groups on the surface, and CS was successively graed on the material surface with APTMS as the coupling agent.
Aer electrochemical deposition of HAP (Fig. 5f ), additional peaks appeared at 1418 and 1040 cm À1 , which were associated with CO 3 2À and PO 4
3À
, respectively. Meanwhile, the characteristic peak of -OH (3430 cm À1 ) became stronger, which was caused by the large amount of hydroxyl groups in the HAP. The results suggested that the HAP coating was successfully constructed on the CS-modied C/C by the electrochemical mineralization method, and the CS coating was not completely covered by the HAP coating, in full agreement with the XPS and SEM results.
In vitro biocompatibility evaluation
Recent reports showed that the modied HAP is more bioactive compared with that of the unmodied HAP. 29, 30 As shown in Fig. 6 , the MC3T3-E1 cells exhibited good adhesion on the surfaces of C/C + CS, C/C + CS/HAP and C/C + HAP, indicating that the three materials had good biocompatibility for MC3T3-E1 cells. The MC3T3-E1 cells displayed the highest adhesion on C/C + CS while the lowest adhesion on C/C + HAP, suggesting that C/C + CS has better biocompatibility and was therefore more suitable than HAP-modied C/C for osteoblast adhesion proliferation (Fig. 6a ). The similar results were shown by the DAPI staining (Fig. 6b) . The results were inconsistent with previous reports, possibly because that the nanometre size of HAP is more suitable for osteoblast proliferation than C/C. 31 
Bacteriostatic analysis
Staphylococcus aureus is considered to be one of the most common pathogenic organisms that cause postsurgical wound infections. These infections are of great risk due to their high occurrence frequency and high resistance against antibiotics that ultimately result in the failure of implantation. [32] [33] [34] Thus, we used the Staphylococcus aureus for bacteriostasis test. The bacteriostasis test was carried out with penicillin as the positive control group. The results showed that the inhibitory ring Table 2 Elemental composition of C/C, C/C-OH, C/C-APTMS and C/ C + CS diameter of C/C + CS and C/C + CS/HAP was 0.88 + 0.19 cm and 1.18 + 0.34 cm, respectively, while the inhibitory ring diameter in the control group was 3.66 + 0.61 cm (Fig. 7) . The diameters of the bacteriostatic ring of C/C-CS and C/C + CS/HAP were more than 0.7 cm. The sizes of the bacteriostatic rings of the three materials were dramatically different (p < 0.01), which was statistically signicant ( Fig. 8 ), indicating that both materials exhibited antimicrobial actions. Previous reports also showed that the CS + HAP has better antibacterial performance, anticorrosion and bioactivity. 35 The colony count experiment was carried out with the original C/C sample as the negative control group (Fig. 9 ). Both C/C + CS and C/C + CS/HAP samples showed bacteriostatic effect and C/C + CS/HAP had the best antibacterial activity with an inhibition rate of 100% ( Fig. 10) , which may be attributed to the nano-HAP on the material surface. On one hand, the S. aureus dissolved the nano-HAP on C/C + CS/HAP surface and released a large number of calcium ions, thus affecting its own metabolism. On the other hand, the nanoscale HAP, with high surface energy, possessed a high adsorption force against S. aureus and was able to adsorb enzymes associated with the metabolism of S. aureus, thereby interfering with the metabolism of S. aureus.
Osteogenic gene expression
The bone tissue reconstruction is a complex process involving multiple factors. RUNX2 is an important transcription factor that plays a key role in regulating osteoblast differentiation and bonerelated gene transcription and expression. 36 Bone morphogenetic protein-2 (BMP-2) actively participates in bone tissue growth, regeneration and development, and has the function of promoting osteoblast proliferation and bone conversion. 37 Therefore, these proteins are oen used as specic markers to evaluate the osteogenic activity in vitro and in vivo.
As shown in Fig. 11 , the mRNA expression of RUNX2 and BMP-2 in C/C + CS, C/C + CS/HAP and C/C + HAP groups were signicantly increased compared with the original C/C (p < 0.05), indicating that CS and HAP on the C/C surface can promote osteoblast differentiation with osteoinductive activity. Both RUNX2 and BMP-2 showed higher mRNA expression levels on C/C + CS/HAP and C/C + HAP than on C/C + CS, indicating Fig. 8 Size of antibacterial ring for C/C + CS and C/C + CS/HAP. Staphylococcus aureus were inoculated onto agar solid medium. Each piece of the materials (C/C + CS, C/C + CS/HAP and penicillin) was inoculated in the medium. The ampicillin test paper was used as control. After incubation for 24 h, antimicrobial rings were measured. All values are shown as the mean AE SD (n ¼ 5). ** represents p < 0.01. Fig. 9 Colony morphology photographs in antibacterial test of (a) C/C + CS, (b) C/C + CS/HAP and (c) C/C. Staphylococcus aureus were prepared into a bacterial suspension, then the suspension was dropped on the surface of the materials (C/C + CS, C/C + CS/HAP and C/C) and incubated for 24 h. The materials were then placed in sterile PBS solution. 10 mL solution containing bacteria was coated on the plate and incubated for 1 day in a 37 C incubator. The procedures were repeated 5 times for each strain. that the osteoinductive activity of HAP was better than that of CS. RUNX2 and BMP-2 exhibited the highest mRNA expression level on C/C + CS/HAP and were statistically different from those of other materials (p < 0.05), which indicated that C/C + CS/HAP had the best osteoinductive activity. Studies revealed that the micro/nano structure on the surface of the material can promote the expression of osteogenic genes. 38, 39 Both C/C + CS/ HAP and C/C + HAP prepared in our study have surface micro/ nano structure and promote the osteogenic gene expression to some extent.
Conclusion
In this study, a facile and novel approach was developed to prepare a chitosan/hydroxyapatite-modied carbon composite (C/C + CS/HAP) by immobilization of CS on the oxidized C/C surface, followed by HAP modication through electrochemical deposition. The resulting modied C/C exhibited excellent biocompatibility with high cell adhesion activity. Meanwhile, the CS/HAP-decorated C/C induced good antibacterial activity in vitro. More importantly, C/C + CS/HAP had more Fig. 10 Antibacterial property of C/C + CS, C/C + CS/HAP and C/C were tested by Staphylococcus aureus. A bacterial suspension was prepared with Staphylococcus aureus, then the suspension was dropped on the surface of the materials (C/C + CS, C/C + CS/HAP and C/C) and incubated for 24 h. The materials were then placed in sterile PBS solution. 10 mL solution containing bacteria was coated on the plate and incubated for 1 day in a 37 C incubator. The procedures were repeated 5 times for reach strain. * represents p < 0.05. Fig. 11 Gene expression on the mRNA level of BMP-2 and RUNX2. MC3T3-E1 cells were co-cultured with materials (C/C + CS, C/C + CS/HAP, C/C + HAP and C/C) for 72 h, then the genes were measured by real-time quantitative PCR technology. The b-actin gene was simultaneously detected as a control. All values are shown as the mean AE SD (n ¼ 4). * # represents p < 0.05.
